Plants are colonised by millions of microorganisms representing thousands of species with varying effects on plant growth and health. The microbial communities found on plants are compositionally consistent and their overall positive effect on the plant is well known. However, the effects of individual microbiota members on plant hosts and vice versa , as well as the underlying mechanisms remain largely unknown. Here, we describe 'Litterbox', a highly controlled system to investigate plant-microbe interactions. Plants were grown gnotobiotically on zeolite-clay, an excellent soil replacement that retains enough moisture to avoid subsequent watering. Plants grown on zeolite phenotypically resemble plants grown under environmental conditions. Further, bacterial densities on leaves in the Litterbox system resembled those in temperate environments. A PDMS sheet was used to cover the zeolite, thereby significantly lowering the bacterial load in the zeolite and rhizosphere. This reduced the likelihood of potential systemic responses in leaves induced by microbial rhizosphere colonisation. We present results of example experiments studying the transcriptional responses of leaves to defined microbiota members and the spatial distribution of bacteria on leaves. We anticipate that this versatile and affordable plant growth system will promote microbiota research and help in elucidating plant-microbe interactions and their underlying mechanisms.
whereas each is individually effective as a biocontrol strain against Erwinia amylovora , the causal agent of fire blight [27] . Pseudomonas fluorescens A506 produces an extracellular protease that degrades the peptide antibiotics produced by Pantoea vagans C9-1 [28] . Therefore, to fully harness the power of the microbiome, our understanding of the varying modes of biocontrol activity needs to be extended by studying the underlying mechanisms of plant-microbe and microbe-microbe interactions. To do so, hypothesis-driven research needs to be conducted in a highly controlled, yet adjustable gnotobiotic, i.e. otherwise sterile, system. Highly controlled and reproducible growth conditions are needed as abiotic factors can influence the plant's response to its microbial colonisers [29, 30] . Furthermore, pH is a strong driving factor of soil microbial communities [31, 32] . Controlling abiotic factors alleviates confounding effects of these on microbial community structure, and will thus allow for time-course experiments, which are important as plant responses to microbial colonisers are dynamic [33, 34] . The order in which microbes are introduced, as well as genetic alterations of the host or the microbes allows for a mechanistic understanding of plant-microbe and microbe-microbe interactions. Arabidopsis can be grown gnotobiotically under tissue culture conditions on a variety of different substrates. Phytoagar is widely used, allows for reproducible growth, and is easy to handle. Phytoagar-based systems have also been successfully used for plant-microbe interaction studies [9, 35] . However, aeration of the root system is sub-optimal and nutrients are non-uniformly delivered to the root surface, rendering the system highly artificial [36] . Hydroponics and aeroponics allow for a uniform distribution of nutrients and O 2 , but the lack of structure leads to abnormal root phenotypes [36] . However, this can be circumvented by the use of filter paper in a hydroponic system [37] . Nevertheless, these systems are often labour intensive to set up. Furthermore, plants grown in such systems are exposed to high to very-high humidity, which is not feasible to modulate over a wide range. The microclimate in which a plant grows severely affects cuticle composition leading to differences in water permeability and leaf wettability and finally to shifts in microbial community structure [38] [39] [40] . Furthermore, humidity has been described to be one of the main drivers for bacterial colonisation on plants [41] . With the aim to minimise experimental artifacts and mimic natural conditions, soil has been used in axenic plant growth systems. However, sterilisation of soil is difficult and usually accompanied by structural and geochemical changes [42, 43] . Recently, calcined clay was used as an alternative to soil, rendering a similar texture to soil, but adjustable in its nutrient profile [44, 45] . However, the desorptive properties of calcined clay can lead to toxic levels of labile Mn ions [46] . Here we introduce 'Litterbox' a gnotobiotic plant growth system that uses zeolite as a soil-like substrate that mimics environmental conditions. Zeolite is easy to sterilise, its porous structure ensures root aeration, it has an excellent water-and nutrient-holding capacity, it is known for its slow-release of nutrients, including Mn, thereby alleviating the risk of Mn toxicity [47, 48] , and has previously been used in other plant growth systems, even on space missions [49] ). Additionally, by adding a PDMS sheet as a protective layer onto the zeolite, cross-inoculation of phyllosphere and rhizosphere can be significantly reduced. Zeolite can be easily and affordably sourced from commercial "cat litter".
Materials and Methods:
Plant growth: Seeds of Arabidopsis thaliana (Col-0) were surface sterilised according to Lundberg et al. (2012) [50] . Depending on the experiment, seeds were either sown directly on zeolite (sourced from cat litter -Vitapet, Purrfit Clay Litter), on ½ Murashige and Skoog medium (MS, including vitamins, Duchefa) 1% phyto agar (Duchefa) plates, pH 5.9, or on pipette tips (10 µl or 200 µl) filled with ½ MS 1% phyto agar, pH 5.9. Seeds were germinated in a CMP6010 growth cabinet (Conviron) with 11 h of light (150 -200 µmol m -2 s -1 ) and 85% relative humidity. Seedlings germinated on agar plates or agar-filled pipette tips were transferred seven days after sowing to autoclaved plant tissue culture boxes (Magenta vessel GA-7) filled with either 90 g fine ground zeolite or 70 g coarse zeolite covered by 20 g finely ground zeolite, soaked with 60 ml of ½ MS including vitamins, pH 5.9. Fine ground zeolite was obtained using a jaw crusher (Rocklabs, Boyd Crusher). The zeolite was covered with a polydimethylsiloxane (PDMS) sheet (thickness 0.5 -1.5 mm) to reduce inoculation of the growth substrate. Lids of the plant tissue culture boxes contained four holes for gas exchange (9 mm diameter), which were covered by two pieces of micropore tape (3M) to ensure axenic conditions. Plants were grown in a growth room at 21 °C and 11 h of light (120 -200 µmol m -2 s -1 ). Plant tissue culture boxes were put into transparent plastic containers (Sistema) closed with cling wrap to maintain high relative humidity. After inoculation, the plant tissue culture boxes were kept in a CMP6010 growth cabinet with 11 h of light (150 -200 µmol m -2 s -1 ) and 85% relative humidity. High batch to batch variation in readily available ions was reported in calcined clays leading to heavy metal toxicity [46] . We also observed plant phenotypes resembling heavy metal toxicity in one out of ten batches of cat litter. It is thus advisable to test the growth of a few plants when switching to a new batch of cat litter.
Fabrication of PDMS sheets:
4 g of catalyst was added to 40 g of PDMS and the solution vigorously mixed using a plastic rod. To release trapped air bubbles, the mix was vacuumed, and the vacuum was released several times until no more air bubbles appeared. Two A4 acetate sheets (OfficeMax, Overhead Projector Transparency Film), were placed on a flat surfaced sandwich press (Sunbeam, GR8450B) with an area of approximately 720 cm 2 . The PDMS was poured on top and evenly distributed with a spatula. The top of the sandwich press was lowered until sitting approximately 9 mm above the PDMS without touching. The PDMS was cured at 60°C for 1 h. Then the PDMS was carefully pulled from the acetate sheets and cut to 6 x 6 cm squares. A hole punch was used to punch four holes into each PDMS sheet, to allow the growth of four plants per plant tissue culture box.
Plant inoculation:
Sphingomonas melonis FR1 and Pseudomonas syringae DC3000 (Table 1) were cultivated at 30°C on R2A (HIMEDIA) or King's B (HIMEDIA) media plates, respectively. In case of subsequent plant gene expression analysis the bacterial strains were cultivated on minimal media [51] agar plates containing 0.1% pyruvate as a carbon source to prevent the contamination of plants with growth media-derived cytokinins that may impact plant responses [52] . Bacterial suspensions were prepared from bacterial colonies suspended in phosphate buffered saline (PBS, 0.2 g l −1 NaCl, 1.44 g l −1 Na 2 HPO 4 and 0.24 g l −1 KH 2 PO 4 ) and washed twice via centrifugation at 4000 x g for 5 min followed by discarding the supernatant and adding PBS. The bacterial suspensions were then diluted to a desired optical density (OD = 0.025). 200 µl of bacterial solution was sprayed per plant tissue culture box using an airbrush spray gun (Pro Dual Action 3, 0.2 mm nozzle diameter). To obtain a homogeneous coverage, the distance between the airbrush spray gun and the plants was increased by stacking a bottomless plant tissue culture box onto the plant tissue culture box, containing the plants being spray-inoculated.
To co-inoculate S. melonis Fr1::mTurquoise2 and P. syringae DC3000::mScarlet-I (Table 1) onto A. thaliana leaves, a bacterial suspension was prepared as described above to a final optical density of 0.005 (1:1 OD ratio) before being airbrushed onto 47 days-old Arabidopsis. Fluorescently-tagged strains were developed as described previously [53, 54] . Table 1 : List of bacterial strains used in this study.
Bacterial strain Reference Fluorescence
Sphingomonas melonis Fr1 [55] n.a.
Pseudomonas syringae DC3000 [56] n.a.
Sphingomonas melonis Fr1 This work mTurquoise2 (cyan)
Pseudomonas syringae DC3000 This work mScarlet-I (red)
Enumeration of bacteria recovered from varying environments:
Bacterial cell numbers in different environments (phyllosphere, rhizosphere, zeolite) were determined. Aboveground plant parts were carefully detached from the belowground parts and placed individually in 1.5 ml tubes. To sample the rhizosphere, the zeolite containing the roots was poured out and the roots were cut and placed individually in 1.5 ml tubes. A spatula was then used to collect between 100 and 300 mg of zeolite, placed individually in 1.5 ml tubes. After determining plant or zeolite sample weight, 1 ml PBS with 0.02% Silwet L-77 (Helena chemical company) was added to each tube. The bacteria were then dislodged from the sample via shaking twice for 5 min at 2.6 m/s in a tissue lyser (Omni Bead Ruptor 24), followed by sonication in a water bath for 5 min. 3 µl spots of tenfold dilutions of each sample were spotted onto R2A plates. Colony forming units (cfu) were counted after incubation of the plates at 30°C. In the case of co-inoculation experiments, S. melonis Fr1::mTurquoise2 and P. syringae DC3000::mScarlet-I were selected on R2A plates containing tetracycline (15 µg/ml) or gentamicin (20 µg/ml), respectively.
Gene expression analysis:
Six-week-old plants were spray-inoculated with either P. syringae DC3000, S. melonis Fr1 or PBS (mock control), and harvested over time (3 h, 9 h, 48 h mRNA concentration (a.u.) = 1/ primer eff. ^ Cq
Primers that were first used in this study were designed using either the 'Universal ProbeLibrary Assay Design Center' (Roche) or 'primer-blast' (NCBI). Primer efficiencies were determined via serial template dilutions [57] . The mRNA concentration of each target gene was then normalised against the mean mRNA concentration of five stably expressed, previously described reference genes ( Table 2 , [58, 59] ). Next, the normalised mRNA concentration of each treatment ( P. syringae DC3000 and S. melonis Fr1 inoculation) was normalised against the mean normalised mRNA concentration of mock treated samples, to emphasise treatment related changes in gene expression. 
Microscopy and image processing:
Bacteria were recovered 14 days post-inoculation from the abaxial side of co-inoculated Arabidopsis leaves using the cuticle tape lift procedure described previously [60] . The procedure involves placing one side of the leaf onto double sided adhesive tape and carefully stripping them off again. Cuticle tape lifts allow the recovery of phyllosphere bacteria from leaves without redistributing their spatial location. Microscopy was performed using the Zeiss AxioImager.M1 fluorescent widefield microscope at 100x magnification (EC Plan-Neofluar 100x/1.30 PH3 Oil M27 objective) equipped with Zeiss filter sets 38HE (BP 470/40-FT 495-BP 525/50) and 43HE (BP 550/25-FT 570-BP 605/70) for the detection of S. melonis Fr1::mTurquoise2 and P. syringae DC3000::mScarlet-I, respectively. Acquisition of 3D images was achieved using an Axiocam 506 and the software Zeiss Zen 2.3. FIJI/ImageJ was used for image processing [61] . To improve the signal-to-noise ratio and the depth of field, background subtraction was used before images were z-stacked using maximum intensity projection. The contrast of each resulting image was enhanced.
Results and discussion:
Arabidopsis plants were grown in tissue-culture boxes on either agar or zeolite, to compare the suitability of the substrates for gnotobiotic plant growth. To that end, seven-day-old seedlings, that had been germinated on cut, agar-filled pipette tips were transferred to the respective substrate and plant growth was evaluated over a period of three weeks. Both substrates were covered by a PDMS sheet to reduce the cross-inoculation of phyllosphere and rhizosphere bacteria ( Figure 1A,B ). Plant growth in the Litterbox system was optimised beforehand to determine optimal amounts of zeolite per tissue-culture box, optimal zeolite granularity and optimal buffering of growth media ( Figure S1 ). Growth of Arabidopsis was markedly different on agar compared with zeolite. The most prominent differences were observed in the rootzone. Tight root networks were observed on the bottoms ( Figure 1E ) and the sides ( Figure 1I ) of the Litterbox. In contrast, in the agar system only a few roots penetrated into the agar and those that penetrated did not grow to the bottom of the tissue-culture box ( Figure 1F,J) . Most of the roots grew on top of the agar ( Figure 1H ), which is unnatural and did not occur in the Litterbox system ( Figure 1G ). Furthermore, roots on the agar were noticeably curled ( Figure 1H ), which is likely linked to a continuous root growth reorientation by the environment-sensing root cap [62] . Predominant growth on top of the agar might be linked to a humidity gradient with the highest water potential on top of the agar, potentially caused by the PDMS sheet [63] . In general, humidity can be adjusted in the Litterbox system by changing the ratio of media to zeolite, whereas in the agar system humidity cannot be adjusted without the agar drying out. Moreover, in agar-based systems the bacterial load in the phyllosphere is usually around 10 8 cfu/g [9, 64, 65] , which is one to two magnitudes greater than under temperate environmental conditions which have been reported to be 10 6 -10 7 cfu/g [66, 67] . Four-week-old plants grown on zeolite were smaller ( Figure 1C,D) , had significantly fewer leaves ( Figure 1L ) and were significantly lighter than plants grown on agar ( Figure 1K ). Noticeably, there was no significant difference in the growth rate of plants grown on agar or zeolite, from one week after transfer to tissue-culture boxes (two weeks after sowing) until harvest ( Figure 1L ; linear regression, P = 0.343, ANCOVA). Therefore, the difference in plant weight and developmental stage was likely caused by a short halt in growth after seedling transfer to zeolite, due to adaptation to a new environment. More importantly, plants grown on zeolite showed a lower degree of variation than plants grown on agar (Coefficient of variation: zeolite = 22.77%, agar = 32.92%), which makes the Litterbox system advantageous for predictable and low variability growth during experiments, which should result in fewer false positive and negative measurements ( Figure 1K ). Additionally, plants that were pre-grown on cut, agar-filled pipette tips (Figure 2A) prior to transfer to zeolite exhibited a lower degree of variation than plants of seeds that were directly sown on zeolite and plants that were transferred without pipette tip ( Figure 2B , Coefficient of variation: sown = 34.7%, transferred seedling = 42.28%, transferred seedling on tip = 22.77%). Almost all of the seedlings that were pre-grown in and then transferred with the pipette tip survived the transfer to zeolite, whereas only 61.1% of the seedlings that were transferred from an agar plate without pipette tips survived ( Figure 2C ). Only 84.7% of seeds sown directly on zeolite germinated. Therefore, it is highly advisable to sow and pre-grow the seeds and seedlings in agar-filled pipette tips, especially when working with transgenic or mutant plant lines that exhibit low germination rates. Different sized pipette tips filled with varying agar strength were tested. Plants pre-grown on pipette tips filled with 1% agar were significantly bigger than plants grown on pipette tips with 0.6% agar strength ( Figure S2A ). Further, plants pre-grown in 200 µl pipette tips exhibited poor survival rates at 0.6% agar (62.5% survived plants), but not at 1% agar (95.83% survived plants) after transfer to zeolite ( Figure S2B ). Seeds were either directly sown on zeolite, germinated on agar before transfer to zeolite, or germinated on agar-filled pipette tips before transfer to zeolite. Seedlings were transferred seven days after sowing. Hollow dots represent sample mean, error bars depict standard deviation, filled dots mark individual plants, thick bar represents median, dotted bars represent quartiles.
As mentioned above, the bacterial load on leaves in agar-based systems is up to two magnitudes higher than under environmental conditions [9, [64] [65] [66] . In the Litterbox system, bacteria reproduced in the phyllosphere, their growth over time was tracked and eventually they reached densities of 10 7 bacteria per g leaf (fresh weight), which is comparable to bacterial densities found on leaves in nature ( Figure 3 ). The Litterbox system can be used for a variety of different study designs. Besides phyllosphere studies, it can also be used for rhizosphere studies, as bacteria reproduced in the rhizosphere and the zeolite (Figure 4 ). However, other systems such as the recently published FlowPot system, which allows rapid changes in media composition, might be advantageous for studies focussing on the rhizosphere [68] . For phyllosphere studies, the Litterbox system is the optimal choice, not only because Litterbox-grown Arabidopsis plants resemble Arabidopsis plants grown in temperate environments with regard to phenotype and bacterial densities found on leaves, but also because the use of a PDMS sheet as a protective layer reduces cross-inoculation between phyllosphere and rhizosphere. This is especially advantageous for studies that aim to disentangle local from systemic plant responses to microbial colonisation. Plant growth promoting rhizobacteria, for example, were shown to confer broad-spectrum resistance to the entire plant upon rhizosphere colonisation by a process called induced systemic resistance (ISR) [69, 70] . Notably, to induce ISR these bacteria need to be present in high densities above 10 5 bacteria per gram root [71] . The presence of a PDMS sheet significantly reduced the bacterial load in the rhizosphere and zeolite after spray-inoculation of the phyllosphere by an order of magnitude ( Figure 4 ). Plant growth was not affected by the PDMS sheet ( Figure S3 ). The Litterbox system allowed us to use a variety of molecular tools to investigate the intimate cross-talk between microbiota members and their host. To determine activation and shaping of the plant immune network, the RNA of the plant host was extracted, and the relative levels of plant immunity-associated hormones, salicylic acid (SA), ethylene (ET) and jasmonic acid (JA), were estimated using transcript markers, previously shown to reflect their respective hormone levels ( Figure 5A-C) [59] . The presence of P. syringae DC3000 led to a stronger activation of the ethylene marker compared to S. melonis Fr1, even though P. syringae DC3000 was present in lower densities, and was previously shown to dampen ethylene production via its HopAF1 effector ( Figure 5A,D) [72] . The reduction of the SA marker, pathogenesis-related 1 (PR1), within the first two days of P. syringae DC3000 inoculation, as well as the induction of PR1 following S. melonis Fr1 inoculation, has been shown previously ( Figure 5B ) [34] . Transcript levels of the JA marker were downregulated three hours after inoculation with P. syringae DC3000 and S. melonis Fr1, but upregulated at 48 hours after inoculation ( Figure 5C ), highlighting the need to study plant responses in a time-dependent manner. The controlled growth conditions for Arabidopsis and associated plant-adapted microbes that the Litterbox system offers also allowed the study of microbe-microbe interactions at the single-cell resolution. For example, we observed the distribution of cell aggregates of P. syringae DC3000 and S. melonis Fr1 14 days after co-inoculation onto Arabidopsis leaves ( Figure 6 ). Bacterial community members from leaves of environmentally grown Arabidopsis have been shown to establish non-random spatial patterns [60] . As the Litterbox system produces plants that resemble environmentally grown plants with comparable bacterial load, it is the ideal system to test the ecological concepts underlying these non-random spatial patterns under laboratory conditions [73] . Bioreporters and single-cell approaches are useful tools to broaden our understanding of bacterial adaptations, colonisation patterns and physiology in the phyllosphere [1, [74] [75] [76] . Having a growth system that resembles natural conditions opens the opportunity to study bacterial adaptations to varying environmental factors in a controlled manner ( e.g. , humidity, light intensity and exposure, and temperature). 
Conclusion:
Zeolite can be easily sourced from readily available cat litter making the Litterbox system affordable and easy to establish. The low variation and consistency in plant growth allows for predictable and reproducible experiments, alleviating the chance of false positive and false negative measurements. The Litterbox system is compact, thereby enabling experiments with large sample sizes. Most importantly, plant growth and leaf bacterial densities resemble those found in temperate environments, therefore enabling the plant microbiota research community to investigate plant-microbe interactions and microbe-microbe interactions, and their underlying mechanisms, in an environmental context, while being able to control environmental factors ( e.g. , humidity, light intensity and exposure, temperature), microbial community composition and plant genotypes. We anticipate that this versatile and affordable gnotobiotic plant growth system will advance microbiota research and broaden our understanding of microbiota assembly, composition and its effects on the plant host.
